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Abstract 

In 2013, we reported that local renin- 
angiotensin system (local RAS) components 
express during the hypertrophic differentia- 
tion of chondrocytes and can modulate it, 
using ATDC5 cell line that involves differentia- 
tion from mesenchymal stem cells to calcified 
hypertrophic chondrocytes. However, the 
expressions of local RAS components in nor- 
mal chondrocytes have not been revealed yet. 
The purpose of this study is to examine the 
expression of the local RAS components in 
chondrocytes in vivo and the conditions allow- 
ing the expression. We stained five major 
regions of 8-week-old C57BL/6 adult mice in 
which chondrocytes exist, including epiphy- 
seal plates and hyaline cartilages, with anti- 
bodies to local RAS components. We also exam- 
ined the expression of local RAS components 
in the cultured bovine's articular cartilage 
chondrocytes using quantitative reverse tran- 
scription polymerase chain reaction and west- 
ern blot analysis. In result, hypertrophic chon- 
drocytes of epiphyseal plates included in the 
tibia and the lamina terminals expressed local 
RAS components. However, hyaline chondro- 
cytes, including the knee articular cartilages, 
the parenchyma of nasal septums and of the 
tracheal walls, did not express local RAS com- 
ponents. Cultured bovine's articular cartilage 
chondrocytes also did not express local RAS 
components. However, inducing hypertrophy 
by administering interleukin-l|3 or tumor 
necrosis factor-a, the cultured articular chon- 
drocytes also expressed angiotensin II type 1 
receptor and angiotensin II type 2 receptor. In 
conclusion, local RAS components express par- 
ticularly in chondrocytes which occur hypertro- 
phy and do not in hyaline chondrocytes. The 
results are in accord with our previous in vitro 
study. We think this novel knowledge is impor- 
tant to investigate cartilage hypertrophy and 
diseases induced by hypertrophic changes like 
osteoarthritis. 



Introduction 

Renin was first identified by Tigerstedt and 
Bergman in 1898. 1 Since then, a renin- 
angiotensin system (RAS) has been investi- 
gated extensively. RAS was first recognized as 
a systemic cardiovascular homeostatic sys- 
tem. 2 Thus, inhibit of the systemic RAS has 
been important clinical tools in treatments of 
cardiovascular and renal diseases such as 
heart failure, hypertension and diabetic 
nephropathy. 3 In addition, it is now recognized 
that a RAS also operates locally. This local tis- 
sue-specific RAS (local RAS) has been identi- 
fied in many organs. 3 It has been shown that a 
local RAS also exerts a distinct biological 
action in each organ. For example, local RAS 
components comprise the reaction pathways 
between astrocytes and neurons, and include 
neurotransmitters and co-transmitters in the 
central nerve system. 4 The angiotensin II type 
1 receptor (AT1R) was found in human sperm, 
where angiotensin II increases both the per- 
centage of motile sperm and their linear veloc- 
ity, and in the tail of rat. 5 In the musculoskele- 
tal system, expression of a local RAS has been 
found in the synovium of chronic arthritis 6 and 
in the callus of bone fracture. 7 Angiotensin II 
activates osteoclasts to accelerate osteoporo- 
sis, 8 and treatment with angiotensin-convert- 
ing enzyme (ACE) inhibitors contributes to 
reduce fracture risk. 9 In 2013, we reported that 
local RAS expresses during the hypertrophic 
differentiation of chondrocytes and has func- 
tions to modulate it using ATDC5 cell line. 10 
However, it is still unknown whether a local 
RAS expresses in normal chondrocytes in vivo. 

Here we investigated the expression of local 
RAS in chondrocytes using mice and the condi- 
tions allowing the expression using primary 
culturing system of bovine's articular cartilage 
chondrocytes. 



Materials and Methods 

Animals 

Eight-week-old C57B1/6 female mice were 
purchased from CLEA Japan Inc. (Tokyo, 
Japan). The metatarsophalangeal (MTP) joints 
of 10-month-old bovine were supplied by 
Hannan-Chiksan Col. (Habikino, Japan). All 
experiments were conducted according to the 
guidelines of the Animal Welfare Committee of 
Kinki University. 

Staining of chondrocytes of mice 

Knee joints, nasal septums, tracheal tubes 
and spines of 8-week-old C57BL/6 adult female 
mice were resected after euthanization pento- 
barbital. The resected tissues were fixed in 



10% formalin neutral buffer solution for 24 h. 
Then, knee joints and spines were decalcified 
in 10% EDTA solution for 3 weeks. The fixed 
and decalcified tissues were embedded in 
paraffin and then sliced into serial sections of 
3 urn. Sections were deparaffinized in xylene 
and rehydrated in a descending graded series 
of alcohol. Some sections were double-stained 
with alizarin red and Alcian blue. Other sec- 
tions were stained immunochemically. 
Endogenous peroxidase was blocked by 3% 
H 2 0 2 for 20 min. After blocking with normal 
bovine serum for 60 min at room temperature, 
the sections were incubated overnight with 
primary antibodies (15 h at 4°C). Sections for 
control staining were incubated with normal 
rabbit serum and normal goat serum instead of 
primary antibodies (15 h at 4°C). The primary 
antibodies were as follows: anti-ANG rabbit 
monoclonal antibody (1:200 in phosphate- 
buffered saline (PBS); Abeam, Cambridge, UK, 
#108334); anti-ACEl rabbit monoclonal anti- 
body (1:200 in PBS; Abeam, #75762); anti-ATIR 
goat polyclonal antibody (1:200 in PBS; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA, 
#31181); and anti-AT2R rabbit polyclonal anti- 
body (1:200 in PBS; Santa Cruz Biotechnology, 
#9040). The sections were incubated with the 
secondary antibody for 1 h at room tempera- 
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ture. Horseradish peroxidase-conjugated 
bovine anti-goat IgG antibody (1:1000 in PBS; 
Santa Cruz Biotechnology, #2350) was used as 
the secondary antibody for AT1R staining. 
Horseradish peroxidase-conjugated bovine 
anti-rabbit IgG antibody (1:1000 in PBS; Santa 
Cruz Biotechnology, #2370) was used as the 
secondary antibody for ANG staining, ACE1 
staining, and AT2R staining. The staining was 
visualized with a diaminobenzidine chro- 
mogen kit (DAB Chromogen; Dako, Glostrup, 
Denmark) and counterstained lightly with 



Mayer's hem alum solution. These stained 
samples were observed using a light micro- 
scope (BZ-9000; Keyence, Osaka, Japan). 

Cell culture 

Chondrocytes were isolated from articular 
cartilage of the MTP joints of 10-month-old 
bovine by digestion with 0.08% collagenase 
(Wako Pure Chemical Industries, Osaka, 
Japan) for 6 h at 37°C. After filtration, cells 
were cultured in Dulbecco's modified Eagle's 
medium (Gibco, Grand Island, NY, USA) sup- 



plemented with 200 U/mL of penicillin, 
40 g/mL of streptomycin, and 10% fetal bovine 
serum at 37°C in a humidified hypoxic atmos- 
phere (5% 0 2 and C0 2 ). Cells were seeded at a 
density of 2x1 0 4 in 35 mm plates and cultured 
in a monolayer until confluence and for 96 h 
thereafter. The cells were allocated into eight 
groups (groups A-H) and treated with various 
reagents when they reached confluence. Cells 
assigned to group A were treated with phos- 
phate buffered saline. Group B was treated 
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Figure 1. Localization of chondrocytes in knee joints, nasal septums, tracheal tubes and spines of 8-week-old C57BL/6 adult female 
mice: double-staining with alizarin red and Alcian blue. A) Meniscus and articular cartilage of knee joints and epiphyseal plate of the 
tibia were stained with Alcian blue; t > meniscus; $ , articular cartilage; *, epiphyseal plate. B,G) Parenchyma of nasal septum was stained 
with Alcian blue. C,H) Tracheal walls were stained with Alcian blue; t? esophagus; *, intratracheal. D,I) Epiphyseal plates of spine, 
chondrocytes of lamina terminalis, annulus fibrosus and nucleus pulposus were stained with Alcian blue; *, epiphyseal plate; a, prolif- 
erating zone; |3, hypertrophic zone; **, lamina terminalis^ tj annulus fibrosus; nucleus pulposus. E) Epiphyseal plate of the tibia was 
stained with Alcian blue; *, epiphyseal plate; a, proliferating zone; (3, hypertrophic zone. F) Articular cartilage and meniscus of knee 
joints were stained with Alcian blue. Scale bars: A-D) 100 um; E-I) 50 um. Magnifications: A-C) 4x; D-I) 40x. 
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with 0.1 ng/mL interleukin-l|3 (IL-1|3); group C 
was treated with 1.0 ng/mL IL-1|3; group D was 
treated with 10 ng/mL IL-1(3; group E was treat- 
ed with 1.0 ng/mL tumor necrosis factor-alpha 
(TNF-a); group F was treated with 10 ng/mL 
TNF-a; group G was treated with 100 ng/mL 
TNF-a and group H (control) was cultured 
without adding any agents. IL-1|3 and TNF-a 
were purchased from Wako Pure Chemical 
Industries (Osaka, Japan). 

Quantitative reverse transcription PCR 

Total RNA was extracted from cultured 
bovine's chondrocytes using TRIzol 
(Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer's protocol. Cells that were 
administered agents were treated with TRIzol 
6 h after the administration (groups A-G). The 
extracted total RNA was reverse-transcribed 
using random primers under standard condi- 
tions with a high-capacity cDNA reverse tran- 
scription kit (Applied Biosystems, Foster City, 
CA, USA). This first strand cDNA (1:10 dilu- 
tion) was amplified. Quantitative reverse tran- 
scription PCR (QRT-PCR) was performed 
using Perfect real-time SYBR green II (Takara 
Bio, Inc., Shiga, Japan). PCR amplifications 
were performed with the Thermal Cycler Dice 
Real Time PCR System (Takara Bio, Inc.) at 
95°C for 15 s, followed by 40 cycles of 95°C for 
5 s and 60°C for 30 s. Relative quantification of 
the gene of interest was normalized to the 
housekeeping gene for (3-actin in the compar- 
ative CT method. To quantify the relative 
expression of each gene, Ct values were nor- 
malized against the endogenous reference 
(ACt = Ct target - Ct p-actin) and were com- 
pared with a calibrator using the AACt method 
(AACt = ACt sample - ACt calibrator). We 
used the average Ct value for untreated cells as 
a calibrator (group H). All experiments includ- 
ed negative controls, which consisted of no 
cDNA for each primer pair. Primer pairs used 
in this study were as follows: AT1R, forward 
primer 5'-TCTGAGACTGACTAACCCAAG-3' and 
reverse primer 5'-ATGTAATTGTGCCTTCCAGC- 
3'; AT2R, forward primer 5'- ACTTCTCC- 
CTTGCCACCATC-3' and reverse primer 5'- 
ATGCTTATCCGATGGCTTATG-3 '; ACE1, forward 
primer 5'-GACAGATACATCAACCTCAGG-3 ' and 
reverse primer 5'- ATCGGTAACATCAAGATTGG- 
3'; ANG, forward primer 5'- TCAATGCC- 
TACGTCCACTTC-3' and reverse primer 5'- 
TCCACCCAGAACTCCTTGAG-3 '; p-actin, for- 
ward primer 5'- AGGTCATCACCATCGGCAAT-3' 
and reverse primer 5'- GAATGCCGCAGGATTC- 
CAT-3'. 

Western blot analysis 

Cultured bovine chondrocytes were homoge- 
nized in sodium dodecyl sulfate (SDS) buffer 
(4% SDS, 125 mM tris-glycine, 10% 2-mercap- 
toethanol, 2% bromophenol blue in 30% glyc- 



erol) and subjected to polyacrylamide gel elec- 
trophoresis in the presence of SDS followed by 
electrotransfer onto polyvinylidene difluoride 
membranes (Hybond-P; Amersham Pharmacia 
Biotech, Buckinghamshire, UK). Cells that 
were administered agents were homogenized 
in SDS buffer 24 h after the administration 
(groups A-G). The membranes were blocked 
overnight with Block Ace (Dainippon 
Sumitomo Pharma, Osaka, Japan) and treated 
with a primary antibody overnight at 4°C. 
Primary antibodies were diluted to 1:10000 
with PBS. The membranes were then treated 
with horseradish peroxidase-conjugated sec- 
ondary antibodies for 1 h while shaking gently 
at room temperature. Secondary antibodies 
were diluted 1:50000 with PBS. Detection was 
realized by enhanced chemiluminescence 
(ECL) with an ECL Plus western blotting detec- 
tion system (Amersham Pharmacia Biotech, 
Buckinghamshire, UK) and a charge-coupled 
device based chemiluminescent analyzer, LAS 
4000 (GE Healthcare Ltd., Buckinghamshire, 
UK). Primary antibodies were as follows: anti- 
actin goat polyclonal antibody (Santa Cruz 
Biotechnology, #1616); anti-ANG rabbit mono- 
clonal antibody (Abeam, #108334); anti-ACEl 
goat polyclonal antibody (Santa Cruz 
Biotechnology, #12187); anti-ATIR rabbit poly- 
clonal antibody (EMD Millipore, Billerica, MA, 
USA, #15552); anti-AT2R rabbit polyclonal anti- 
body (Santa Cruz Biotechnology, #9040). 
Secondary antibodies were as follows: anti- 
goat IgG horseradish peroxidase-conjugated 
donkey antibody (Santa Cruz Biotechnology, 
#2020) for actin and ACE1 detection; anti-rab- 
bit-IgG horseradish peroxidase-conjugated 
goat antibody (Santa Cruz Biotechnology, 
#2004) for ANG, AT1R and AT2R detection. 

Statistical analysis of the data 

All experiments were performed four times. 
Results were presented as means ± SD and 
processed using Stat View 5.0 statistical soft- 
ware. Differences between results were evalu- 
ated using Dunnett's test and P<0.05 was con- 
sidered statistically significant. 



Results 

We first examined the localization of chon- 
drocytes in knee joints, nasal septums, tracheal 
tubes and spines of 8-week-old adult C57B1/6 
female mice using double staining with Alcian 
red and alizarin blue. The areas which were 
stained with Alcian blue were epiphyseal plates 
of the tibia (Figure 1 A,E), articular cartilages 
and meniscus of knee joints (Figure 1 A,F), 
parenchyma of nasal septums (Figure 1 B,G), 
tracheal walls (Figure 1 C,H), epiphyseal plates 
of spine, chondrocytes of lamina terminalis, 



annulus fibrosus and nucleus pulposus (Figure 
1 D,I). We considered these areas contained 
chondrocytes. So, we immunohistochemically 
stained the areas with antibodies for local RAS 
components. The hypertrophic chondrocytes of 
epiphyseal plates of the tibia and spine were 
stained with ACE1, ANG, AT1R and AT2R 
(Figure 2 A-H). However, articular cartilages 
and meniscus of knee joints (Figure 3 A,E,I,M), 
parenchyma of nasal septums (Figure 3 
B,F,J,N), tracheal walls (Figure 3 C,G,K,0), 
chondrocytes of lamina terminalis, annulus 
fibrosus and nucleus pulposus were not stained 
immunohistochemically with local RAS compo- 
nents (Figure 3 D,H,L,P). Control stains did not 
detect any unspecific immunohistchemical 
reactions (Figure 4 A-D). 

We also examined the expression of local 
RAS components in articular cartilage chon- 
drocytes using primary culturing system. We 
performed QRT-PCR analysis and western blot 
analysis in cultured bovine cartilage chondro- 
cytes when they reached at confluence without 
any agents (group H). Both mRNA expressions 
and protein synthesis of ACE1, ANG, AT1R and 
AT2R were not detected. We also administered 
IL-lp or TNF-a into the cells to induce a 
hypertrophy. Despite of administering IL-lp or 
TNF-a, ACE1 and ANG were not detected in 
both QRT-PCR and western blot analysis. 
However, the expressions of AT1R and AT2R 
were detected in both QRT-PCR and western 
blot analysis administering IL-lp or TNF-a 
(groups B-G; Figure 5 A-D). Especially, the 
mRNA expressions of AT1R and AT2R were 
induced administering in a concentration- 
dependent manner of IL-1 13 or TNF-a (Figure 5 
A,B). Any difference between control cells and 
cells administered PBS was not detected both 
in QRT-PCR analysis and western blot analysis. 



Discussion 

The existence of local RAS has been report- 
ed in many tissues. 3 However, no report has 
described the expression of local RAS in chon- 
drocytes of normal tissues in vivo study. We 
examined the expression of local RAS compo- 
nents in the five major tissues which include 
chondrocytes. Chondrocytes are roughly classi- 
fied into two groups; one is the group of chon- 
drocytes which are in even stable like articular 
cartilages chondrocytes, namely hyaline chon- 
drocytes, and the other is the group of the 
chondrocytes which differentiate like chondro- 
cytes of epiphyseal plates, namely hypertrophic 
chondrocytes. 1112 The expressions of local RAS 
components were not detected in the chondro- 
cytes of articular cartilages of knee joints, 
parenchyma of nasal septum and parenchyma 
of tracheal walls. In these areas, chondrocytes 
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Figure 2. Immunohistochemical micrographs of local renin-angiotensin system components in epiphyseal plate of the tibia and the 
spine. A,B), ACE1. C,D), ANG. E,F), AT1R. G,H), AT2R. A,C,E,G), Tibia. B,D,F,H), Spine. The hypertrophic chondrocytes in epiphy- 
seal plates of each section were stained with each local renin-angiotensin system components; cells stained with antibodies were indi- 
cated with arrows; a, proliferating zone; |3, hypertrophic zone; ACE1, angiotensin-converting enzyme 1; ANG, angiotensinogen; AT1R, 
angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor. Scale bars: 50 um. Magnification: lOOx. 
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Figure 3. Immunohistochemical micrographs of local renin-angiotensin system components in articular cartilage and meniscus of knee 
joint, parenchyma of nasal septum, tracheal wall, lamina terminalis, annulus fibrosus and nucleus pulposus. A-D), ACE1. E-H), ANG. I- 
L), AT1R. M-P), AT2R. A,E,I,M), articular cartilage and meniscus; tj meniscus; *, articular cartilage. B,F,J,N), parenchyma of nasal sep- 
tum. C,G,K,0) tracheal wall. D,H,L,P), lamina terminalis, annulus fibrosus and nucleus pulposus; *, lamina terminalis^ t> annulus fibro- 
sus^ nucleus pulposus. Each chondrocytes of each section were not stained with local renin-angiotensin system components. ACE1, 
angiotensin-converting enzyme 1; ANG, angiotensinogen; AT1R, angiotensin II type 1 receptor; AT2R, angiotensin II type 2 receptor. 
Scale bars: A,C-E,G-I,K-M,0,P) 50 urn; B,F,J,N) 100 urn. Magnification: 40x. 
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were hyaline chondrocytes and were consid- 
ered not to differentiate hypertrophically. 1112 
On the other hand, local RAS components were 
expressed in chondrocytes of epiphyseal plates 
of the tibia and the spin. In these areas, chon- 
drocytes are under the hypertrophic differenti- 
ation. 1314 These results suggested that local 
RAS components particularly express in the 
chondrocytes undergoing hypertrophic differ- 
entiation in vivo. 

Murata et al. showed IL-1|3 induces VEGF 
expression in human articular chondrocytes. 15 
Also, Ohba et al. reported that TNF-a induces 
VEGF in chondrocytes of nucleus pulposus. 16 It 
is also known that VEGF couples hypertrophic 



cartilage remodeling, ossification and angio- 
genesis during endochondral bone forma- 
tion. 17 Hence, to induce a hypertrophy, we 
administered TNF-a or IL-1|3 into the bovine 
chondrocytes primary culturing system. 
However, the cultured cells did not express 
local RAS components, they expressed AT1R 
and AT2R administering IL-1(3 or TNF-a. This 
result suggested that hyaline cartilage also can 
express local RAS components particularly 
under hypertrophy. 

We showed that local RAS expresses strong- 
ly correlated with hypertrophy. Also, in our pre- 
vious in vitro study using ATDC5 cell line, we 
had shown that local RAS expresses in chon- 
drocytes according to the hypertrophic 



change. 10 In this point, our present study is 
accordance with our previous study. We had 
also reported local RAS has functions to modu- 
late the hypertrophy of chondrocytes in vitro. 10 
Local RAS may exert similar functions in vivo, 
too; however, it is still unknown. We think this 
novel knowledge is helpful to investigate carti- 
lage hypertrophy and diseases induced by 
hypertrophy like osteoarthritis. 

In conclusion, according to the results of 
previous in vitro study using ATDC5 cell line, 
chondrocytes that are in term of hypertrophy 
express local RAS components in vivo, too. 
Articular cartilage hyaline chondrocytes also 
can express local RAS components by inducing 
their hypertrophy. 




Figure 4. Micrographs of immunohistchemical control stains. A) Knee joint; t> meniscus; articular cartilage; *, epiphyseal plate. B) 
Nose. C) Trachea. D) Spine; *, epiphyseal plate; **, lamina terminalis\ t> annulus fibrosus\ nucleus pulposus, Unspecific immunohis- 
tochemical reactions were not detected. Scale bars: 100 um. Magnification: 40x. 
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Figure 5. Expressions of AT1R and AT2R in cultured bovine's articular cartilage chondrocytes. A) Both mRNA expressions of AT1R 
and AT2R were not detected without administering any agents; the expressions of AT1R and AT2R were induced administering IL-1(3 
in a concentration-dependent manner. B) Both mRNA expressions of AT1R and ATR are not detected without administering any 
agents; the expressions of ATI R and AT2R were induced administering TNF-a in a concentration-dependent manner. C) Both protein 
synthesis of ATI R and ATR were not detected without administering any agents; the protein synthesis of ATI R and AT2R were induced 
administering IL-1(3. D) Both protein synthesis of AT1R and ATR were not detected without administering any agents; the protein 
synthesis of ATI R and AT2R were induced administering TNF-a. *, P<0.05 between treatments; AT1R, angiotensin II type 1 receptor, 
AT2R, angiotensin II type 2 receptor, IL-1(3, interleukin-l(3; TNF-a, tumor necrosis factor-alpha. 
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